Abstract-We report and experimentally demonstrate a salinity determination method by using a tapered single-mode fiber. The change of refractive index due to the exposure of the tapered area to concentrations of Sodium chloride (NaCl) was detected by the wavelength shifts produced in the interference spectral response. Results of the experiment depict that better sensitivity can be achieved at particular waist lengths as the proposed setup managed a maximum sensitivity of 2834.3nm RIU −1 [refractive index range of 1.3324 1.3411] with waist length, L = 15mm, and waist diameter, α = 10µm. The high sensitivity achieved without any coating or modification to the tapered fiber offers simplicity, lesser financial burden, and reliability.
I. INTRODUCTION
Water salinity plays a significant role when it comes to water quality monitoring. Aside from maintaining public health, it is also a major factor in sustaining the performances of various industrial and most agricultural processes [1] . In oceanography and marine environment monitoring, salinity is considered to be among the key parameters as it strongly influences the solubility of oxygen in water and the distribution of marine organisms [2] . Due to the importance of this indispensable parameter, recent years have brought to our attention many new method proposals for salinity sensors, ranging from ultrasonic techniques [3] to chemical procedures [4] .
Fiber-optic sensors are gaining popularity in the sensor market as the advantages they provide become distinctively prominent compared to other alternatives. These include immunity to electromagnetic pickup, chemically passive, can be controlled from a long distance, physically small, higher sensitivity and cheap [5] , [6] . Majority of the fiber-optic salinity sensors that have been explored to date revolves around refractometry, bringing forth methods based on fiber gratings [7] , [8] , few on differential measurements [9] , interferometry [10] , and fiber resonators [11] . Another alternative that is now attracting many of our interests is the utilization of the evanescent field that can be achieved by the removal of the cladding at the sensing region via etching or tapering. Liu et. al., reported a sensitivity of 8.9 × 10 −5 RIU with their multimode fiber setup which corresponded to a salinity sensitivity of 10ppm [12] , while a recent work proposed by [13] managed to obtain a sensitivity of 1913nm/RIU by removing the cladding of the multi-mode fiber (MMF) in their single-mode-tapered multimode-singlemode (STMS) fiber structures. Some even modified the tapered region with coatings to increase the intensity within the evanescent field in order to gain higher sensitivity. However, we believe that manipulating the dimensions of the tapering region itself can also enhance sensitivity, which has yet to be fully studied.
This paper describes the possibility of obtaining a highlysensitive method to determine salinity with tapered singlemode fibers by manipulating its waist length. Without any coatings or addition to the fiber, this method offers a cheaper, simple, and reliable alternative.
II. FABRICATION AND EXPERIMENTAL DETAILS
A Lucent Technologies AllWave TM single-mode optical fiber (SMF) with standard core and cladding dimensions of 8µ and 125µm respectively was used throughout the whole experiment. Approximately 4cm long of the fiber's sheathing was removed with a stripper and cleansed with isopropanol as prior preparation before the tapering process. Fabrication of the tapered area was achieved with Vytran's GPX-3000 Glass Processing and Fusion Splicing machine. All fibers maintained a tapered area core size of 10µ, and a 5mm length for both up and down taper regions. Waist length measurements of the fabricated tapered fibers are as shown in Table I . After fabrication, the SMF was transferred on to a sample holder that had an adequate groove area for the insertion of liquid samples. Both ends of the fiber were cleaved with an FC-7R Sumitomo cleaver and each end was spliced to a single-mode pigtail with a Sumitomo TYPE-36 splicing machine. NaCl (Sigma Aldrich) of concentrations 0.1M, 0.2M, 0.3M, 0.4M, 0.5M, 0.6M, 0.7M, 0.8M, 0.9M, and 1.0M were prepared following
Before inserting into the sample groove, the refractive index reading of each concentration was taken with a digital pocket refractometer (Atago).
Each concentration of NaCl was inserted into the groove with a pipette until the tapered area was fully immersed in the solution. The input end of the fiber was connected to a broadband amplified spontaneous emission (ASE) light source (Amonics ALS 18-B-FA). Launching of the light source produced an input light into the waveguide which split into two general modes once it reached the down taper region; guided and unguided modes. The guided mode continued travelling within the core, while the unguided mode propagated outside of the core and interacted with the cladding medium. Approaching the up taper region, interference of both modes will occur, producing a comb spectrum that was later analysed with an optical spectrum analyser (Yokogawa) at the output end of the fiber.
III. RESULTS AND DISCUSSION
As elaborated by [14] , light propagation within a tapered fiber shares the same principle as a Mach-Zehnder's interferometer, with a transmission defined by [15] 
where I represents the intensity of the interference at the output of the setup, I 1 and I 2 are light intensities of the two general modes (guided and unguided modes), ∆Φ is the phase difference between the two modes which sums to:
where ∆n ef f is the difference between the n ef f of the fiber's core and the cladding along the waist length (n ef f c − n ef f cl ), L is the waist length of the tapered area and λ is the input wavelength. The fringe spacing of two interference patterns as elaborated by [14] can be expressed as: Fig. 3 shows a trend line fitted to the experimental data of the concentration of NaCl and its refractive index with a high correlation coefficient value of r 2 = 0.9992 [refractive index range = 1.3321-1.3411]. This evidently supports the proportional relationship between the two parameters. Therefore, exposing the tapered area to various concentrations of NaCl is manipulating the effective refractive index of the cladding (n ef f cl ), modifying the initial relative phase of the spectrum, which leads to a measureable shift or fringe spacing in the spectral response. with the ascending concentration of NaCl will reduce ∆n ef f , resulting a larger Λ that explains the red shifting in the aforementioned result. Similar red shifting observation occurred with the remaining tapered fibers. Fig. 5 shows a trend line fitted to the experimental data of the wavelength shift and its refractive index with a high correlation coefficient value of r 2 = 0.9963. This result supports the constant shifting of peaks with regards to the difference in refractive index.
When sensitivity becomes the main priority, the goal is to achieve the longest wavelength distance (∆λ) to represent 1 refractive index unit (RIU); nm RIU −1 . Fig. 6 illustrates the relationship of the average sensitivity for tapered fibers A, B, C, D, E, F, and G against their respective waist lengths with a maximum sensitivity of 2834.3nm RIU −1 at 15mm. As previous journals claimed that longer waist lengths gain higher sensitivity [16] , [17] , results obtained seemed to differ. Instead of a linear relationship between sensitivity and waist length, we observed a sinusoidal affect with waist lengths 18mm and 20mm reaching sensitivities of 2289.54 nm RIU −1 and 2363.7 nm RIU −1 waist respectively. This suggests that the elongation of the length does not necessarily lead to higher sensitivity, rather only particular waist lengths would. We believe the reason of this affect could be due to the contrast influence of L towards fringe spacing and phase difference. Equation (2) expresses a positive relationship between L and ∆Φ, stating that when the waist length increases, so will the phase difference. On the contrary, equation (3) expresses a negative relationship between L and Λ, suggesting that when the waist length increases, the fringe spacing becomes smaller. Not many to our knowledge have reported on the integration of these two equations, but our hypothesis is that at certain angles of ∆Φ and due to the decrement of fringe spacing, the peak of interest may no longer be the one adjacent to the reference peak. Instead, the elongation of the waist length promotes the generation of new peaks in between the peak of interest and the reference peak, setting a peak that is similar to the peak of interest closer to the reference peak giving the smaller fringe spacing, and the actual peak of interest shifted further to the right, proving the larger phase difference. Fig.  7 exhibits this phenomenon, when 0.2M of NaCl was tested with all 7 of the fabricated tapered fibers. Within the same wavelength range of 1520nm -1580nm, more peaks were developed as the waist length of the tapered area increases.
IV. CONCLUSION
In summary, we have investigated the possibility of determining salinity using a tapered single-mode fiber with various tapered area waist lengths, L. A maximum sensitivity of 2834.3 nm RIU −1 was achieved experimentally with L = 15mm. Although this work may have proven the significance of L towards sensitivity, yet the relationship is yet to be fully understood. Further understanding and optimization of the tapered area's geometry will result to a big potential of producing a highly sensitive salinity sensor without any coating or addition to the fiber.
